Grain re nement during and after hot isothermal deformation of a medium carbon steel has been investigated. The average austenite grain size decreased with an increase in strain for the hot deformed and recrystallised material, with re nement extending beyond the strain for the peak stress. A window of strain that corresponds to transition from classical static to metadynamic recrystallisation was observed in respect to the recrystallised material. Within this post-dynamic transition window the strain at which strain independent softening occurs was different for different volume fractions of the recrystallised material. This led to a new terminology corresponding to initiation of strain independent softening. For the alloy of this study, strain independent softening for the start of postdeformation recrystallisation occurred near the strain to the peak stress. The strain corresponding to complete metadynamic recrystallisation, which was de ned as when all levels of recrystallisation were strain independent, was much greater than the strain for the peak stress.
Introduction
Recrystallisation plays an important role in grain re nement of austenite, which after transformation leads to improvement in the properties of hot deformed steel. 1 ,2 Three types of recrystallisation, static, dynamic and metadynamic, take place during or after hot deformation. Static recrystallisation (SRX) occurs by a nucleation and growth process where new strain free nuclei form and grow into new grains at the expense of the deformed material. 1 Dynamic recrystallisation (DRX) takes place when a critical microstructural condition (i.e. high dislocation density) is reached during hot deformation. Under this condition, new grains are nucleated and grow while deformation is proceeding. 3 Metadynamic recrystallisation (MDRX) occurs after deformation by the continued growth of nuclei formed as a result of DRX. 4 ,5 It has been proposed that MDRX does not require an incubation time and, therefore, is more rapid than SRX. 3 -5 All of the above recrystallisation processes in steels have been studied extensively. 1 -3 ,6 ,7 However, there has been little work to systematically link the change in the ow curve with the post-deformation recrystallisation kinetics and the resultant grain size. Most researchers assume for steels that SRX is the dominant post-deformation softening process for strains less than e c , the strain corresponding to the start of DRX. 8 ,9 Beyond this strain it is assumed that only MDRX occurs and that the rate of recrystallisation is strain independent. 6 ,7 However, recent work 1 suggests this model is too simple. Furthermore, the relationship between the grain size after full softening by SRX and MDRX has been even less systematically studied, although again many authors assume a sharp change in behaviour at e c , 6 ,7 ,1 0 whereas Sellars, 8 over 20 years ago, suggested a more complex behaviour.
The aim of this work is to study the grain size evolution during and after isothermal deformation of a medium carbon steel particularly for strains corresponding to the transition from SRX to MDRX. Results show that there is a strain region in which a mixture of SRX and MDRX occurs. The lower boundary of the window is at the critical strain for the start of DRX. The upper limit corresponds to a critical strain above which only MDRX occurs. Furthermore it will be shown that the minimum grain size is achieved at the onset of strain for steady state DRX.
Experimental
A commercial medium carbon steel of composition C -0 . 4Mn -0 . 84Si -0 . 24S -0 . 018P -0 . 02Ni -0 . 01Cr -0 . 02Al -0 . 021 (wt-%) was chosen to investigate static, dynamic and post-dynamic (metadynamic) softening during and after hot deformation. This composition allows a low temperature to be used while still being fully austenitic and is easy to quench to martensite to study the grain size evolution. Torsion specimens of 20 mm in length and 6 . 7 mm diameter were machined from a hot rolled plate.
The mechanical tests were carried out on a computer controlled hot torsion machine. The specimen surface was protected from oxidation using argon. True stress and true strain were derived from the raw data using the Fields and Backofen method. 1 1 Three types of torsion tests were performed.
In the rst, a simulation test was performed to estimate the Ar 3 . The method was based on the approach developed by Jonas and co-workers. 1 2 The specimen was austenitised at 1200°C for 15 min before deformation. Subsequently, the temperature was decreased to 1050°C, which was the rst deformation temperature. The nal deformation temperature was 550°C. The simulation consisted of 20 passes at a strain rate e .~3 s 2 1 and an individual strain e~0 . 2 with a temperature decrease of 30 K between successive passes. An interpass time of 60 s was used that corresponds to a cooling rate of 0 . 5 K s 2 1 . The second simulation was conducted to identify the continuous ( ow) curve corresponding to full dynamic recrystallisation. The ow curve data were important to estimate the strain to the critical, peak and steady state stress. A roughing pass at a strain rate 3 s 2 1 , strain 0 . 4 and temperature 1000°C was applied to homogenise austenite grain size d c before isothermal deformation at 800°C. The resultant initial grain size was 88 mm. The ow curve incorporating the steady state dynamic recrystallisation region was obtained at a strain rate of 1 s 2 1 . The nal simulation used interrupted torsion tests at 800°C and a strain rate of 1 s -1 to determine the postdeformation softening time. Again a roughing pass at a strain rate of 3 s 2 1 and strain 0 . 4 at 1000°C was applied to all specimens to homogenise the austenite grains before an isothermal deformation at 800°C. A strain range of 0 . 2 -3 . 5 was chosen for this investigation. To identify the relative softening, specimens were deformed isothermally (at 800°C), held for various delay periods and then reloaded to the same strain. The relative softening, X (%), was determined from equation ( where s m is the stress at the end of rst deformation, s 1 is 0 . 2% offset yield stress for the rst deformation and s 2 is 0 . 2% offset yield stress for the second deformation. 7 In order to identify the softening time corresponding to the lower, intermediate and upper boundaries of the softening curve, the values for 20, 50 and 90% softening were determined over the applied strain range.
Some specimens were quenched using water sprays from the deformation temperature (800°C) for further microstructural investigation (Fig. 1 ). The time (<0 . 15 s) for the quenched specimens to reach ambient temperature was considered to be suf cient to freeze the deformed structure. Three quenching schedules were adopted. In the rst, a sample was quenched to identify the austenite grain size before deformation (Q1 in Fig. 1 ). In the second, specimens were quenched immediately after deformation (zero time) to obtain the dynamically recrystallised microstructure (Q2 in Fig. 1 ). In the nal schedule, samples were quenched with a delay after the rst nishing pass (Q3 in Fig. 1 ). The delay was the time at which 90% of the post-deformation softening occurs.
Samples were cut from the gauge section of the torsion specimens for metallography. A heated (~80°C) solution of picric acid and Teepol was used to reveal the prior austenite grains. The average linear intercept grain size and grain size distribution were measured using computer aided image analysis on a longitudinal plane at~100 mm below the specimen surface. The numbers of intercepts were measured for at least 10 random elds, from which the average intercept length was derived.
Results

ESTIMATION OF THE Ar 3 TEMPERATURE
Simulation of 20 passes for the steel of this study shows that stress increases as the temperature decreases until an accumulated strain of 3 ( Fig. 2) . However, the rate of increase in stress declines between strains 2 and 2 . 5 because of the austenite to ferrite transformation. 1 3 To identify the Ar 3 temperature, the mean ow stress (MFS) given by the area of the corresponding stress -strain curve divided by the strain applied, was determined for each pass. The estimated Ar 3 temperature obtained from the MFS n. the inverse of the absolute temperature (Fig. 3 ) was 716°C.
The deformation temperature was chosen to be 800°C (84 K above the Ar 3 ). The reasons for this were: (a) to conduct deformation in a fully austenitic microstructure well above Ar 3 and avoid transformation of austenite to ferrite caused by to strain induced transformation; (b) to minimise the error for estimation of Ar 3 that arises from stress accumulation in the material through multipass deformation; 1 3 ,1 4 and (c) to achieve a high value of Zener -Hollomon (Z~4610 1 4 ) that leads a high level of grain re nement in the microstructure without the need to use very high strain rates that complicate the analysis because of signi cant deformation heating.
ESTIMATION OF THE STRAINS TO CRITICAL STRESS AND PEAK STRESS
The strains to the critical stress e c and peak stress e p were estimated using the Mecking and Kocks method. 1 5 In this approach, the value of ds/de~h is determined as a function of s utilising the data derived from the continuous true stress -true strain curve (Figs. 4 and 5 ). Figure 5 consists of two stages. The rst stage corresponds to a decrease in h with increasing s up to a critical stress. The in ection point is assumed to correspond to the critical stress, s c , where dynamic recrystallisation,DRX, starts. 9 ,1 5 Beyond this stage h decreases more rapidly from the critical stress to the peak stress s p , at h~0. The in ection point in the h versus s curve was precisely identi ed by determination of the minimum in -dh/ds versus s plot (Fig. 6) . Details of this technique are explained elsewhere. 9 The values of e c~0 . 44 and e p~0 . 78, corresponding to s c~2 05 MPa and s p~2 18 MPa, were derived from the true stress -true strain curve (Fig. 4) . The ratio e c /e p~0 . 56 was very close to the value 0 . 52 reported by Poliak and Jonas 9 and lower than the value 0 . 8 proposed earlier by Sellars 1 6 for C -Mn steels.
THE SOFTENING CURVES
The prior strain dependence of the times for 20, 50 and 90% softening are presented in Fig. 7 . The time for a given level of softening (t 2 0 , t 5 0 and t 9 0 ) deceased with an increase in strain up to a critical strain e*. Above this strain the time for softening is almost independent of prior strain. Four distinct regions with respect to the applied pre-strain were observed. Region I represents strains below the strain to the critical stress for the initiation of DRX (e<0 . 44). At these strains only static recrystallisation, SRX, had a signi cant effect on post-deformation softening. 1 7 The time for softening decreased rapidly with increase in pre-strain because of the increase in dislocation density, which leads to an increase in driving force for SRX. 2 Region II represents the time for softening between prestrains between the critical strain e c~0 . 44 and the peak strain e p~0 . 78 (Fig. 7 ). There appears to be a lower strain dependence in the softening rate in this region compared with region I. This region, however, has not been studied in detail in previous work, although generally it is assumed that strain independent softening starts between e c and e p . 7 Therefore, it is proposed that SRX and metadynamic recrystallisation, MDRX, are active concurrently in region II. MDRX is not associated with nucleation and occurs faster than SRX, leading to an overall shorter time for softening and a lower strain sensitivity compared with region I (Fig. 7) .
Region III corresponds to a pre-strain between e p (0 . 78) and e* (1 . 2), where e* represents the strain above which only MDRX contributes to softening. This is de ned by a lack of strain dependence for all of the softening functions (t 2 0 , t 5 0 and t 9 0 ) (Fig. 7) . In this region, t 2 0 was strain independent, whereas t 5 0 and t 9 0 were strain dependent, suggesting some level of SRX. Figure 7 shows that SRX nished at the upper boundary of the region III for the t 9 0 curve (e*). These observations represent a complicated post-dynamic softening that includes MDRX at the early stage of softening (i.e. t 2 0 ) followed by SRX. Sakai and co-workers have shown similar results for nickel alloys. 1 7 However, in their work the time for 90% softening increased dramatically beyond e p , in contrast to the observations for the alloy in this study. The last region (IV), which represents prior strains above e*, shows that all (20, 50 and 90%) softening curves are independent of the applied pre-strain. This suggests that only MDRX contributes to softening at these strains. 4 The true strain n. true stress ow curve corresponding to alloy of this study deformed at 800°C and e .~1 s 
GRAIN SIZE EVOLUTION
The grain size evolution was investigated at strains to critical e c , peak e p and steady state e s s stress. The hot worked microstructure was compared with the microstructure after 90% post-deformation softening. The average grain size of the hot worked matrix decreased with increase in strain (Fig. 8) . A similar trend was observed in the recrystallised microstructure, which had a larger average grain size compared with the hot worked material at all applied strains ( Fig. 8) .
At a strain for the critical stress of 0 . 44, the worked microstructure shows a largely deformed grain structure consisting of bulged grain boundaries compared with the matrix before deformation (Figs. 9a and 10) . A limited number of dynamically recrystallised grains were observed at e c (Fig. 9a) . Initiation of DRX at this strain led to a decrease in the average grain size from 88 mm before deformation to 28 mm after deformation (Fig. 8) . A decrease in the number of large (75 mm) grains was observed compared with the grains before deformation (Fig. 11) . These observations are in agreement with other ndings with respect to strain to critical stress for the start of DRX. 1 At the strain 0 . 78, corresponding to the peak stress, further grain re nement (accompanied by necklessing 1 8 ) occurred in the hot worked microstructure (Fig. 9b) . The average grain size decreased from 88 mm before deformation to 21 mm and the number of small grains (e.g. 5 mm) increased considerably (Fig. 11) . Further increase in strain from 0 . 78 to 2 led to additional grain re nement, but with some large grains still present in the matrix (as illustrated in Fig. 9c) . At a strain for the steady state stress of 3 . 5, the matrix was completely re ned with an average grain size of 7 mm (Figs. 8 and 9d ). A similar trend (in terms of grain re nement) was observed for the recrystallised microstructure. The average grain size decreased from 88 mm before deformation to 11 mm at the strain to the steady state stress (Fig. 8) . However, the post-deformed (recrystallised) microstructure consisted of equiaxed grain boundaries with less grain re nement (compared with the hot worked microstructure) at all applied strains (Figs. 12a -c) . The grain size frequency also con rms that the number of small grains (e.g. 5 mm) in the recrystallised microstructure at strains of 0 . 44, 0 . 78 and 3 . 5 was less than for the hot worked microstructure (Fig. 13 and Fig. 11 ). This is most likely to be due to grain growth associated with SRX and MDRX after deformation. 1 
Discussion
KINETICS OF THE POST-DYNAMIC REACTIONS
The post-deformation softening curves show four regions in relation to the applied prior strain, as outlined previously (Fig. 7) . A schematic representation of these regions is shown in Fig. 14 . In region I, which corresponds to strains before e c , only SRX occurs after deformation, when a certain amount of time is given for nucleation and growth of equiaxed grains (Fig. 12a) . It seems that a mixture of SRX and MDRX occurs within regions II (e c <e<e p ) and III 13 Evolution of austenite grain size distribution with applied pre-strain at 800°C and e .~1 s 2 1 corresponding to 90% post-deformation softening (e p <e<e*) and therefore, a transition window exists from full SRX to complete MDRX after deformation. This postdynamic transition window (PDTW) is bounded between e c and e*.
Region IV, beyond e*, shows that any further increase in strain does not have a signi cant effect on the softening behaviour of the material (Fig. 14) . This is in agreement with other results for nickel and stainless steel alloys in the literature. 4 ,1 7 It is proposed that all of the nuclei are present at the end of deformation, and that deformation in this region does not lead to any more nuclei. This occurs, even though e* is signi cantly less than the strain for the steady state deformation structure (e:3). It is possible that e* is a saturation point for the number of nuclei available for complete MDRX with respect to the applied pre-strain. However, in some studies e p has been considered to be the strain at which strain independent softening occurs and MDRX initiates. 2 ,4 This is in contrast to ndings in this study because SRX as de ned by some level of strain dependence in the softening process occurs, to some extent, at e p for the alloy in this study (Fig. 7) .
Moreover, it is notable that the time between 20 and 90% recrystallisation changes from a factor of about 200 in region I to a factor of about 20 in region IV. This contrasts with other observations (for nickel alloys) in the literature 1 7 and is most likely due to a higher Zener -Hollomon parameter for the alloy of this study. Further study is needed to determine the effect of alloy composition and processing conditions, such as strain rate and temperature on the PDTW and e*.
Therefore, a different terminology from that apparently in the literature must be applied for the start of MDRX and strain independent softening. This is because MDRX always starts at e c (here 0 . 44) because of the initiation of DRX in the hot deformed microstructure. 1 9 However, strain independent softening occurs at strains above e c once a stable amount of DRX nuclei are present for post-dynamic softening. For instance, the t 2 0 curve had an earlier transition to strain independent softening at e~0 . 78 compared with the t 9 0 curve at e~1 . 2. Moreover, it seems that t 5 0 (which has been widely used in the literature) may not be accurate to identify the change to complete strain independent (MDRX) softening. This is because complete strain independent softening occurs only at the strain at which all levels of recrystallisation are strain independent (here e*). This strain corresponds to t 9 0 and is above the strain for t 5 0 (Fig. 7) .
EFFECT OF STRAIN ON GRAIN REFINEMENT
The ndings related to grain re nement during dynamic and post-dynamic deformation for the alloy in this study were similar to the previous observations in the literature. 1 ,7 The average grain size of the hot worked microstructure decreased from 88 mm before deformation to 7 mm at the strain of 3 . 5 for the steady state stress (Fig. 8) . A power law relationship appears to exist between the average fully recrystallised grain size and the applied strain, consistent with early models proposed by Sellars for recrystallised CMn steels 1 6 d rex:~0 : 5d Others have found different strain dependence, generally in the range -0 . 4 to -0 . 7. 2 0 ,2 1 In the current work, an exponent of -0 . 6 was obtained. At the strain of 3 . 5 this represents an~1 . 5 times larger grain size for the recrystallised material compared with the hot worked material, which is similar to the ratio previously observed by Hodgson 2 0 for the difference between the metadynamic and dynamic grain size.
Using the above discussion related to the strain independent behaviour it was expected that the recrystallised microstructure should be constant beyond the strain e*1 . 2. However, the grain size above the strain 1 . 2 appears to lie on the model prediction for continuing re nement (Fig. 15) . The reason for grain re nement beyond e* is most likely due to the heterogeneous distribution of grain boundaries that are preferred sites for DRX nucleation in the matrix. A non-uniform distribution of grain boundaries causes an uneven scatter of dynamically recrystallised nuclei and heterogeneous growth of MDRX grains. This, in turn, leads to an increase in the average austenite grain size. Further study is needed to identify the relationship between the distribution of DRX nuclei and the average grain size of the post-deformed austenite.
Conclusion
The softening behaviour of a medium carbon steel during and after hot deformation was investigated. A transition window from static (SRX) to metadynamic (MDRX) recrystallisation was observed in the recrystallised material. At strains below the lower limit of the post-dynamic transition window (PDTW), only SRX occurs. The upper limit of the PDTW represents a critical strain above which only MDRX occurs. The average austenite grain size decreased with an increase in applied strain. The minimum average grain size was achieved at the strain for the steady state stress for the hot deformed material. The largest grain re nement for the recrystallised material was achieved during MDRX and at strains above the strain for the peak stress.
